Evidence of Hubble flow-like motion of young stellar populations away
  from the Perseus arm by Román-Zúñiga, Carlos et al.
Draft version December 31, 2018
Typeset using LATEX twocolumn style in AASTeX62
Evidence of Hubble flow-like motion of young stellar populations away from the Perseus arm
Carlos G. Roma´n-Zu´n˜iga,1, 2 Alexandre Roman-Lopes,3, 2 Mauricio Tapia ,1, 2 Jesu´s Herna´ndez,1 and
Valeria Ram´ırez-Preciado1
1Instituto de Astronomı´a, Universidad Nacional Auto´noma de Me´xico, Unidad Acade´mica en Ensenada, Ensenada 22860 Mexico
2Programa de Estancias de Investigacio´n (PREI), DGAPA-UNAM, Mexico
3Departamento de F´ısica y Astronomı´a, Universidad La Serena, La Serena, Chile
(Accepted December, 2018)
Submitted to ApJL
ABSTRACT
In this letter we present evidence of coherent outward motion of a sample of young stars (t <30
Myr) in the Perseus Arm, whose apparent origin is located in the vicinity of the W3/W4/W5 complex.
Using astrometric and photometric data from the Gaia DR2 catalog of an 8◦ radius field centered
near W4, we selected a sample of young, intermediate to high-mass star candidates. The sample is
limited to sources with parallax uncertainties below 20% and Bayesian distance estimates within 1800
and 3100 pc. The selection includes embedded stellar populations as well as young open clusters.
Projected velocities derived from perspective-corrected proper motions clearly suggest that the young
star population emerge from the Perseus arm, with a possible convergence zone near W3/W4/W5
region, tracing a front that expands away at a rate of about 15 km s−1 kpc−1.
Keywords: Galaxy: kinematics and dynamics — open clusters and associations: general — stars:
kinematics and dynamics — massive
1. INTRODUCTION
Star clusters are formed within Giant Molecular
Clouds (GMC) with a large diversity, likely related
to the early organization of the clouds and environmen-
tal factors (Lada & Lada 2003; Longmore et al. 2014).
In a recent review, Gouliermis (2018) (and references
therein) discuss the case of gravitationally unbound
young stellar systems, representing GMC complex-
scaled multiplex associations that may be considered
to be the open end of an intricate, hierarchical process
that scales down to the formation of compact, bound
clusters. In that scenario, large GMC complexes may
produce a large number of star clusters born with a vari-
ety of energy distributions (Blaauw 1964) that, in most
cases: a) expand and disperse, b) can be traced through
their massive (OB) members, and c) may contain crucial
information about their formation process. In general,
the expansion and dispersal of young star systems may
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be related to complex dynamical interactions between
clusters and sub-clusters during their formation process,
and also to the rapid removal of gas due to massive star
winds and more violent events like Wolf-Rayet outbursts
or supernova explosions. The current availability of pre-
cise astrometric parameters (distances, proper motions)
from the Gaia satellite Data Release 2 (hereafter GDR2;
see Gaia Collaboration et al. 2016, 2018) allows the ex-
ploration of star kinematics in this context, and it has
provided evidence of coherent motion and expansion of
stellar populations in certain stellar systems, from star
forming complexes (e.g. Kounkel et al. 2018; Kuhn et al.
2018) to more evolved young cluster associations (e.g.
Wright & Mamajek 2018) and OB associations with
driven expansion (e.g. Cantat-Gaudin et al. 2018).
The goal of this letter is to report a discovery about
the global picture of star cluster evolution in a re-
gion of the Perseus arm (hereafter PsAm), around the
W3/W4/W5 complex (hereafter W345). W345, located
on the Galactic plane, is a well studied massive star
forming region, containing two giant HII regions (W4
and W5), a massive molecular ridge with active forma-
tion (W3) and several embedded star clusters (e.g. Car-
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Figure 1. Gaia color-absolute Magnitude diagram showing
the selection of a sample containing OB stars. Gray symbols
are GAIA sources in the main catalog with parallax errors
under 20 percent. Green symbols indicate the PsAm sample.
Yellow and cyan symbols show the control samples. The
color/brightness constraints (§2) are indicated with dotted
lines. The solid color lines are 3 Myr isochrones from the
PARSEC 1.2s models (Bressan et al. 2012; Tang et al. 2014).
penter et al. 2000; Koenig et al. 2008; Roma´n-Zu´n˜iga
et al. 2015; Jose et al. 2016; Sung et al. 2017), possibly
hosting a large number of OB stars. Around W345, this
region of the PsAm hosts several OB associations like
Per OB1 that contains the open clusters NGC 884 and
869, and the Cassiopeia OB8 that includes the cluster
NGC 663. Here we show that a sample of intermediate
to high mass young stars in W345 and nearby associa-
tions, traces what looks like a coherent, expanding front
of young (t < 30 Myr) stars and clusters, likely born at
the PsAm close to the W345 region.
2. DATA SAMPLE SELECTION AND ANALYSIS
Our main goal is to study the kinematics of intermedi-
ate to massive (OB) stars as tracers of the young stellar
population in W3/W4/W5 and its surroundings. Using
the Gaia Table Access Protocol (TAP) services and cata-
log extraction tool at Astronomisches Rechen-Institut1,
we retrieved a catalog comprising all DR2 entries within
an 8 degree-radius cone centered on the W345 complex
1 http://gaia.ari.uni-heidelberg.de/
at (α, δ) = (40◦, 61◦)2. The catalog contains a full set
of photometric (G, Bp and Rp magnitudes) and astro-
metric (proper motions, µP , parallaxes, $ and parallax
errors, σ$) parameters. This cone extends roughly from
250 to 420 pc (depending on distance) in each direction
from the W345 complex, covering the projected width
of the PsAm and providing a good sampling of the pop-
ulations formed at GMC complexes in the region.
The TAP tool also provides distance estimates for
each star by using a Galactic stellar density model
prior that varies with each position (l, b) (Bailer-Jones
et al. 2018) and provides confidence intervals, defined
by lower and upper limits, dlow and dhigh. We ex-
tracted sources within 1.8 < (d/kpc) < 3.1, which we
define as a “full” sample expected to contain sources
across the entire girth of the PsAm. We limited the
sample to sources with σ$/$ < 0.2 parallax accu-
racy3 and contained within a distance range defined by
(dhigh − dlow) < 1.2d+ 20. As shown in Figure 1, using
theMRP vs. BP −RP Gaia color-absolute magnitude di-
agram, we selected a locus containing sources brighter
than 1.547 × (BP − RP ) − 1.2 (the slope follows the
reddening vector using the extinction coefficients from
Evans et al. 2018) and colors within 0.3 < BP−RP < 1.2
mag. This locus minimizes contamination from field gi-
ant and dwarf stars, and is expected to contain mostly
bright intermediate to massive members of young stel-
lar groups with average extinctions within AV =1 and 3
mag; still, we estimate around 10% of contamina-
tion in this sample due to field stars with anoma-
lous colors, with a distribution affected by patchy
extinction. Finally, we also restricted the projected
raw velocity moduli to
√
v2l + v
2
b = |v| < 60 km s−1
. The total number of sources in this restricted PsAm
sample is 1100 sources.
From the distances and proper motions, we calculated
projected velocities over the plane of the sky on galac-
tic coordinates as vl,b = 4.74dµl,b, where µl and µb are
directly transformed from the µα and µδ values pro-
vided in the GDR24. The angular size of the region
of study is quite large, thus requiring a correction by
perspective expansion/contraction (Brown et al. 1997)
to take into account the effect of the motion perpen-
dicular to the plane of the sky. We followed the pre-
scription of Gaia Collaboration et al. (2018), by first
2 We confirmed that a larger opening does not alter our results
significantly.
3 a tighter constraint of σ$/$ ≤ 0.1 does not alter significantly
our results
4 all proper motions and velocities are expressed units of mas/yr
and km/s, respectively
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Figure 2. Top: Perspective corrected, projected velocity map for the full sample, in Galactic coordinates. The background in
gray scale is a WISE WSSA 12µm infrared emission map. The orange-red hue indicates regions of strong CO emission from the
composite survey of Dame et al. (2001). Notice that most of the CO emission above b ∼ 3◦ corresponds to clouds in the Local
Arm, not Perseus. The contours indicate HI column density (EBHIS+GASS surveys HI4PI Collaboration et al. 2016) in levels
of 50 to 200 cm−2/healpix. The arrows indicate projected velocities scaled to units of 500 pc Myr−1 for visualization purposes.
The colors of the arrows in this map are parametrized by cos θ. The region delimited by the yellow dashed-line indicates the
approximate extension of the HB-3 supernova remnant near W3. Young open clusters in the region are indicated with labels.
defining an expansion center at (l, b) = (137.8◦, 1.3◦)
(see also §3), located near the young cluster IC 1805 in
W4. We then derived a new set of orthographically pro-
jected positions (xp, yp), and proper motions (µxp , µyp),
relative to that center. Assuming that rotation and in-
clination effects in the PsAm are negligible, the varia-
tion of the projected proper motions as a function of
the projected positions, to first order, will only keep
the bulk motion component perpendicular to the line of
sight: ∂µx/∂x ≈ ∂µy/∂y ≈ −vz. This way, a linear fit
to either of the µxp vs xp or µyp vs yp plots provides,
to first order, a direct estimate of the required perspec-
tive correction. In our case, the resultant correction is
cµl,b ≈ 5.4(xp, yp) mas yr−1, applied to the orthograph-
ically projected positions, which we finally subtracted
from the GDR2 proper motions. This accounts for the
required perspective correction by the unknown line-of-
sight motion of each star.
Now, it is important to consider that without
radial velocity data, it is impossible to deter-
mine whether the observed expansion is due to
purely perspective or purely physical effects. In
order to quantify this, we followed Blaauw (1964)
and Wright & Mamajek (2018) (their equations
3 and 4): for a system in linear expansion with
an age τ , it is possible to predict the required
radial velocities as the sum of the star veloci-
ties measured from the system barycenter and
an expansion age term5, κd = (1.0227τ)−1d. Us-
ing a Monte Carlo routine, we found that for
stars with 1 < τ < 50 Myr (see section 3), the
expected distribution for κd has a well defined
peak around 100 km/s. We are able to re-
produce well that distribution by providing our
sample with radial velocities values in the range
−15 < vR < −65 km/s, i.e. around the LSR veloc-
ity for the W3/W4/W5 clouds (e.g. Heyer et al.
1998; Bieging, & Peters 2011). We failed to em-
5 plus a redshift/blueshift correction, which is negligible in our
case
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Figure 3. Perspective corrected, proper motions for the full
sample (color parametrized by cos θ) and the control sample
(blue X symbols). The average values for cluster member
candidates are indicated with the black dots and labels.
ulate the κd distribution when we increased the
radial velocity interval to over 100 km/s. Radial
velocity corrections so large are physically unrea-
sonable as a solely perspective effect. Therefore,
we can safely consider our sample to present a
physical expansion.
Finally, we applied the same constraints to two
control samples within the same cone: one (fore-
ground control sample) limited to sources with
distances d < 1300 pc (i.e. unrelated to the
Perseus arm) and a second one (co-distant con-
trol sample), containing stars in the same dis-
tance range but sampling an older population
dominated by field giants within 2.3 < (BP−RP ) <
2.4. The resultant samples contain 193 and 2468
stars respectively. The purpose of these control
samples is to apply a similar analysis to them,
and assure that the observed behavior (see sec-
tion 3) of the young massive candidates in the
Perseus arm is not some data-related effect (e.g.
present in the whole DR2 Gaia sample in this
direction of the Galaxy).
3. RESULTS
In Figure 2 we show the perspective-corrected, pro-
jected velocities vl,pc, vb,pc (scaled to units of 500
pc/Myr) for the DR2 Gaia stars present in the full
distance sample, over a map that traces star forming
regions, as well as the distribution of molecular and
neutral gas near W345, using 12 µm emission, as well
as HI and CO integrated intensity. As a visualization
aid, we use an orientation parameter by calculating the
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Figure 4. Perspective corrected, projected velocity moduli
|v| as a function of projected distance, dcen from an estimated
convergence point (l=137.8 deg, b=1.3 deg). The top and
bottom panels show the result for the PsAm and the control
sample, respectively. The positions of known young open
clusters are shown as large, polygon shaped symbols with
error bars.
dot product between the corrected projected velocity,
vl,pc, and a purely horizontal unit proper motion vector
vl,pc = (1, 0), as cos θ = vl,pc/|vl,pc|. The most strik-
ing feature in this map is the high degree of coherence
in the orientation of the vectors on the plane of the
sky, pointing away from W345, increasing in magnitude
with distance. On the other hand, the selected sample
covers the current star forming regions in W345, and
highlights several source overdensities that correspond
to well known young open clusters (see also Figure 4).
For instance, the overdensity near (l, b) = (135,−0.4)
corresponds to NGC 884 and NGC 869 in the Per OB1
association, also known as h+ χ Persei (10-13 Myr old,
d = 2.5 ± 0.2 kpc Currie et al. 2010). We can also
distinguish two clear groups in the westernmost edge
corresponding to NGC 663 and NGC 654 of the Cas
OB8 association (20 Myr old, d = 2.4±0.2 kpc Tapia et
al. 1991; Pandey et al. 2005)6. Another very important
feature that emerges from Fig. 2 is that for the per-
spective corrected motions for the control sample, we
6 Photometric distances. The GDR2 parallaxes suggest larger
distances, near 3 kpc, for these two clusters
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cannot identify any grouping, and the vectors present a
net null trend, with the majority of the sources moving
in directions parallel to the Galactic disk, thus confirm-
ing that the above effect is actually associated to the
Perseus arm population.
In Figure 3 we show the perspective-corrected proper
motions (a dot-vector plot) for the full and the control
sample. We clearly see that while the PsAm stars form
a tight, well defined structure with several overdensities
(that correspond well with the larger groups), the con-
trol sample sources appear significantly dispersed, in-
dicating very little or no coherence. In the first panel
of the Figure set 4 we show the perspective-corrected,
projected velocity modulus |v| as a function of the pro-
jected distance, dcen, from a convergence area centered
at (l, b) = (137.8, 1.3), which was estimated by project-
ing backwards the vl, vb vectors of candidate members
of known open clusters, (defined as sources within a
small vicinity around published centers and distances
and limited to σ$/$ < 0.1). We can see how the cor-
rected velocity moduli for most of the sources are in the
range of 10-20 km/s, which is significantly larger than
the typical expansion velocities for unbound groups in
other systems (e.g. Cantat-Gaudin et al. 2018; Kuhn
et al. 2018; Wright & Mamajek 2018). It is clear that
the young stellar population is actually expanding away
from the Galactic plane: a linear fit to the data sug-
gests a (projected) Hubble-type expansion of about 15.4
km s−1 kpc−1. The additional panel of the Figure set 4
shows the equivalent plot for the control sample, where
we confirm a null expansion trend, with a correlation
coefficient near zero. The results for the co-distant
control sample are equivalent, with a null expan-
sion trend and little or no coherence in the dot-
vector plot.
4. DISCUSSION AND SUMMARY
The analysis of the Gaia DR2 data described above,
reveal a scenario where young stellar populations are
moving away from a location in the Perseus arm. Trac-
ing back the (vl, vb) vectors points to a convergent region
near the W345 complex that currently hosts embedded
populations as young as 1.5 Myr (likely the most recent
star formation episode in the region). A satisfactory
explanation of the effect and its consequences for cur-
rently accepted Galactic star formation scenarios is be-
yond the scope of this letter, as more precise data would
be required. For instance, the Gaia DR2 parallaxes pro-
vide distances that are still uncertain in the 102 pc scale
for the Perseus arm, impeding an accurate analysis of
the distribution of young stellar populations within this
part of the Perseus arm. Also, the lack of radial veloc-
ity measurements for most of the stars in our sample,
prevents a full 6-dimensional position-velocity analysis
at this Galactic region. From the observed expanding
motion and the available theories in the literature, we
propose three possible scenarios:
1. The presence of the HB-3 SN remnant near W3,
along with the presence of tens of OB stars in the W345
complex (see top panel Fig. 2), suggest that super-
nova explosions could be one possible driving mecha-
nism in the region, which could transfer the mechanical
energy to the cluster-gas systems. Indeed, it is known
that a single SN can imprint momentum of the order
of 105 M km/s (Kim & Ostriker 2015), providing up
to 1050 ergs in 10 Myr (Thornton et al. 1998). Super-
bubble type expansions via SN often pierce and surpass
the disk, depending on the homogeneity of the local
medium (Mac Low et al. 1989). Also, most of the me-
chanical energy from SN events and massive star winds
is carried by ionizing radiation, which could provide im-
pulse for the stellar system expansion. Gaia DR2 data
could be providing evidence of a champagne flow type
expansion of gas layers (Tenorio-Tagle 1979), with the
stars moving along with the gas.
2. Recently, Tchernyshyov et al. (2018) presented
detailed gas velocity maps and compared them to the
Stationary Density Wave model of the Milky Way spi-
ral structure (Lin & Shu 1964), particularly near the
Perseus arm. The study suggests that a spiral arm can
be fed from one side by diffuse gas causing a net outward
flow toward its trailing edge. The main effect is a con-
centration of the dense gas where flows converge, and a
dissipation of those centers after star formation, form-
ing a divergence of the velocity field. This mechanism
can provide a direct explanation of the observed effect
in our sample. Moreover, if gas and stars are expelled
away from the arm, aided by this mechanism, then we
should expect a net torque in the arm. If this is true,
our study presents actual evidence of the action of spiral
density waves near the co-rotation radius in the Perseus
arm.
3. Another possibility is that all the groups we are
considering are all part of a much larger association of
clusters that is expanding away as a massive unbound
young stellar system with an age spread of about 30
Myr (considering the estimated ages of the older clus-
ters in the sample). The driving mechanisms behind the
expansion could be directly related to the star forma-
tion process, along with gas dispersal and the dynamic
evolution of the system, similar to what is observed in
star forming complexes like Orion, Vela OB2 or Scorpio-
Centaurus. However, it would be necessary to determine
6 Roma´n-Zu´n˜iga et al.
how to adjust such proposed scenarios to the spiral arm
width scale we report in this paper.
While eloquent, our analysis is just a starting point.
Future work requires to search for this effect in other
massive star forming regions in the nearby spiral arms.
Large scale spectroscopy projects like APOGEE-2 will
provide precise radial velocity information at least near
W345 (see Zasowski et al. 2017), allowing for a more
complete vision, specially as the precision of Gaia data
increases in the following releases.
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